reabsorption in the kidney, and hormone regulation (1, 2) . This diversity is possible because many different signals can open or close K ϩ channels, a process known as gating. The signals are received by domains attached to the pore-forming subunit.
We present a complete K ϩ channel structure that shows the nature of the physical link coupling domains that receive gating signals to the transmembrane helices. We identify residues that form the activation gate and propose a mechanism for gating and domain coupling. We also describe the process of rectification at the molecular level and outline additional means by which Kir channels block ion movement through the ionconduction pathway in the closed state.
Description of the KirBac1.1 structure. Recognition that inwardly rectifying K ϩ channels occur in prokaryotic genomes allowed for the production of the channel in sufficient quantities for crystallization trials (3) . One suitable crystal form allowed structure determination to a resolution limit of 3.65 Å with a final R factor of 0.295 (Table  1 ). The crystallographic model is complete over all regions, excluding two loops (residues 196 to 205 and residues 290 to 295) and the N (1 to 35) and C termini (310 to 331), which were insufficiently ordered to build into the electron density maps ( fig. S1 ) (4) .
The KirBac1.1 structure consists of an all ␣-helical integral membrane section plus an intracellular domain consisting mostly of ␤ sheet (Fig. 1) . The potential total distance that an ion must travel as it passes through the channel from the extracellular turret to the bottom of the C-terminal domain is 88 Å. It is substantially longer than the predicted distance of 64 Å, based on the crystal structure of the homologous intracellular GIRK (G-protein-coupled inwardly rectifying K ϩ channel) domain of Kir3.1 (5) . The maximum and minimum outer diameters, perpendicular to the ion-conduction pathway, are 54 and 43 Å for the transmembrane section and 78 and 50 Å for the C-terminal domains. In accordance with nomenclature describing the KcsA structure (6), the membrane helices are labeled inner, outer, and pore helix ( Fig. 1  and fig. S2 ). An extra helix named the slide helix is present in the transmembrane section of the KirBac1.1 structure. This amphipathic helix runs parallel with the membrane/cytoplasmic interface. A similar arrangement for the N-terminal helix of KcsA was determined from spin labeling electron paramagnetic resonance measurements (7).
KirBac1.1 can be divided structurally into five regions. On the extracellular side is the selectivity filter followed by a cavity, gate, flexible linkers, and cytoplasmic vestibule (Fig. 1) . The linkers connecting the inner and outer helices to the N-and Cterminal domains are fully resolved in the crystal structure. We believe it is unlikely that K ϩ ions enter the channel through gaps between the linkers owing to the presence of positively charged arginine and lysine residues (residues 151 to 155) that repel cations ( Fig. 2A) . Three N-terminal residues (40 to 42) interact with a ␤ strand (residues 298 to 300) on the outer edge of the C-terminal domain ( Fig. 2B and Fig. 5A ), forming a small parallel ␤ sheet. A similar interaction is seen in the crystal structure of the fused intracellular N-and C-terminal domains of the Kir3.1 channel (5); however, in the complete channel structure the N terminus interacts with the C-terminal domain from the adjacent subunit. Flexible linkers (residues 150 to 153) connect the inner helix covalently to the C-terminal domain.
Kir family of potassium channels. Agreement of the KirBac1.1 structure with structurally derived information from Kir channels and sequence alignments demonstrates that KirBac1.1 is a structural representative of the eukaryotic Kir channel family. Random mutagenesis of the inner and outer helices of Kir2.1 identified restricted residues that were not amenable to change (8) . Mapping the restricted residues (Fig. 2C , red and purple resi- ) form part of the ion-conduction pathway (Fig. 2C) .
Dimer-of-dimers. An ion-conduction pathway forms at the common interface between all four subunits of a K ϩ channel. In our crystals, the conduction pathway of the channel is colinear with a crystallographic two-fold axis. Each asymmetric unit of the crystal contains two subunits, related to a second pair by a simple two-fold rotation. The transmembrane and intracellular domains of the channel are hinged with respect to one another at the cytosolic face of the membrane. Although the transmembrane section displays four-fold symmetry, the intracellular domains are in a two-fold arrangement.
Rectification. (Fig. 3) .
In all four subunits of KirBac1.1, the glutamate side chains point to the center of the ionconduction pathway, forming a double ring of negatively charged residues, where the Glu 187 Fig. 1 . Overview of the KirBac1.1 structure. The position of the membrane is represented by the shaded bar. On the left, monomers are individually colored to highlight the relative orientation of secondary structural elements and domains. On the right, two monomers have been removed for clarity so that the positions of the following structural elements can be seen: slide helix (pink), outer helix (green), pore helix (blue), inner helix (yellow), and Cterminal domain (red). 
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Electrostatic rings of negative charge also affect ion conduction in channels such as the acetylcholine receptor (AChR), which has three negatively charged electrostatic rings (15) . As with the Kir2.1 channel (12), these electrostatic rings enhance ion conduction.
The kinetics of blocking by Mg 2ϩ and polyamines differ. Mg 2ϩ displays faster on-off kinetics. The slower component of rectification is produced by endogenous polyamines that have a higher affinity than Mg 2ϩ ions (16) (17) (18) . Polyamines are linear molecules with evenly spaced positive charges. Study of Mg 2ϩ and polyamine interactions with anion binding sites gives insight into their differing binding properties (19) . The major points are as follows: (i) binding of Mg 2ϩ is stronger than that for polyamines if the anion binding site is highly charged and confined; (ii) this preference is reversed if the anionic charge is spread out; and (iii) if the charges are spread out, matching of charges becomes a priority. Therefore, the shape, charge, and hydrophobicity of the polyamine determine its binding affinity. This is consistent with the architecture seen in Kirbac1.1, in which the two anionic charged rings are spread out and the side chains of Glu 187 and Glu 258 are ϳ8 Å away from their nearest glutamate neighbor. These outstretched negatively charged glutamate rings suggest that coordination of linear positively charged polyamines is favored over that of compact Mg 2ϩ ions. The closed state. During the process of rectification, the flow of K ϩ ions from a cell is temporarily blocked by Mg 2ϩ or polyamines. This is not the same as the channel's being closed. Reversal of the applied voltage or an increase of the external K ϩ concentration can remove the block. This channel is in the closed state because the ion-conduction pathway is blocked by the side chains of Phe 146 . We call this amino acid the "blocking residue" for structural reasons, but it is likely to be the "activation gate" in electrophysiological terms (Fig. 2C and Fig. 4A ). The sequence alignment of Kir channels indicates that residues with large hydrophobic aromatic or aliphatic side chains are favored in this position ( fig. S2) .
The first structural evidence of the use of hydrophobic residues to block an ionconduction pathway was described by Unwin for the AChR (20, 21) . Structures of the AChR in an open and closed state showed that the hydrophobic leucine side chains rotate into the center of the ion-conduction pathway in the closed state. For the mechanosensitive ion channel MscL, two residues, isoleucine and valine in a pentameric arrangement, form another hydrophobic constriction within the transmembrane section of its ion-conduction pathway (22) . Molecular dynamics simulations of a model channel indicate that a hydrophobic-lined pore acts as an effective gate preventing water and ion movement (23) . The exact configuration of the pore was critical in determining this effectiveness. This is reflected in the different configurations of the ion-conduction pathways of the AChR, MscL, and KirBac1.1, but they all appear to make use of hydrophobic residues to block water and therefore ion movement.
Another feature of the closed state is that the pore helices no longer point directly at the center of the channel cavity, unlike KcsA (Fig. 4B) . The C termini of the pore helices of KcsA point toward the center of the cavity, focusing a cation in the center (6) . In the closed KirBac1.1 channel, the four pore helices are misaligned. Because 80% of the energy of ion stabilization in the cavity is derived from the pore-helix dipoles (24) , loss of the combined dipole effect may result in destabilization of the ion in the center of the cavity. In contrast to KcsA, weak, broken electron density is present in this area. The formation of the KirBac1.1 closed state also results in a decrease in the volume of the cavity. The decreased volume accommodates fewer water molecules (27 in KcsA and 20 in KirBac1.1), which is also likely to destabilize an ion in this region.
The conformation of the pore helices implies that the selectivity filter of KcsA is in an open state. We hypothesize that the truncated KcsA crystal structure represents an open channel that has a closed gating section.
The selectivity filter. In the closed KirBac1.1 structure there are only three K 
20 JUNE 2003 VOL 300 SCIENCE www.sciencemag.org binding sites within the selectivity filter: S 1 , S 2 , and S 3 (Fig. 4A) . In a 2.0 Å KcsA structure where crystals were grown in 200 mM KCl (high K ϩ ), an extra K ϩ binding site (S 4 ) is present (25) . Both KcsA and KirBac1.1 have an extracellular K ϩ binding site (S ext ). What we observe in the filter is likely to be an averaged view of alternate configurations, i.e., in some channels the filter contains a single K ϩ ion (S 2 ) and in others it contains two K ϩ ions (S 1 and S 3 ). The S 2 binding site is in the middle of the filter, whereas the S 1 and S 3 binding sites are equidistant from either end. The temperature factor, B iso , reflects the ions' mobility. In the high-K ϩ structure, which represents the open state of the selectivity filter, the temperature factors are approximately equal for all four ions. In the KirBac1.1 closed configuration, the temperature factor for the S 2 K ϩ ion is lower than that for the S 1 and S 3 ions (B iso ϭ 5, 23, and 58 Å 2 , respectively), which indicates that this is a stable conformation of the selectivity filter. A second high-resolution KcsA structure, with crystals grown in 3 mM KCl (low K ϩ ), produced a constriction in the center of the filter (25) . This filter conformation was thought to represent a nonconducting form. The low-K ϩ filter conformation has a constriction that maps directly to the S 2 ion position in KirBac1.1. This ion position probably prevents the KirBac1.1 filter from collapsing. The movement of the KirBac1.1 channel into a closed state has essentially preserved the open-state architecture of the filter. On this basis we propose that the selectivity filter of KirBac1.1 is in a protected state that, although not allowing ion flow, maintains a conformation that prevents collapse. Hence the filter is poised to move into an active, open conformation when required.
Gating hypothesis. For KirBac1.1 to open, the pore helices must move away from their positions in the closed state. Structural elements likely to be involved include slide helix, outer helix, inner helix, flexible linkers (Fig. 5A, residues 150 to 153) , and the N-, C-terminal domain interaction. Figure 5B shows an important interaction between the slide helix and the conserved Arg 148 ( fig. S2 ). The positively charged arginine side chain interacts with the negative, C-terminal end of the slide helix. This is another example of nature using helix dipoles in K ϩ channels. In addition, there is an interaction between the C-terminal domain (residues 298 to 300) and N-terminal residues 40 to 42 of an adjacent subunit (Fig. 2B) . The Nterminal strand is attached to the slide helix by a short, extended polypeptide (residues 43 to 47). A conserved aspartate (Asp 50 ) on the slide helix stabilizes this connection by hydrogen bonding to the backbone nitrogen of Ser 46 (Fig. 2B ). The nature of the intracellular domain movement during gating is not known; however, it must result in the blocking residue moving away from its position in the closed state. A hypothesis is shown schematically in Fig. 6 . An outward rotation of the intracellular domains would draw the bottom of the inner helix away from the center of the ion-conduction pathway. The slide helices move laterally, resulting in displacement of the outer helices, which allows room for the inner helices to bend.
Inner-helix bending. The most likely position for a helix to bend is at a point of weakness. Glycine and proline residues promote distortions of transmembrane helices (26) . Kirbac1.1 has glycine residues at positions 134, 137, and 143 of the inner helix. Of these glycine residues, only Gly 143 is highly conserved among Kir channels ( fig. S2 ). In contrast, the MthK hinge region is Gly 83 (27) , the equivalent of Gly 134 in KirBac1.1. This position should be highly conserved if it is the hinge region for all K ϩ channels. Sequence alignments show that this glycine is not fully conserved. The equivalent of Gly 134 in Kir2.1 is one of the restricted residues involved in protein packing (Fig. 2C ). This implies that in Kir channels the Gly134 position is probably more important in protein packing than it is in gating. For KirBac1.1 and by extension all other Kir channels, small sidechain residues at position 134 allow the inner helix to bend after it has passed the selectivityfilter section. The inner helices of KirBac1.1 bend by ϳ12°as they pass the selectivity filter ( purple inner helix in Fig. 4A ).
In (fig. S2 ). Again, this implies that this is the most likely place for the inner helices to bend. This conclusion is supported by blocker accessibility studies of inner helical cysteine mutants (28) . It does not mean that all potassium channels bend at the equivalent position of Gly 143 in KirBac1.1; it is likely that a Coupling of gating domain to the blocking residue. All ion channels have an ionconduction pathway and a gate. Features of the ion-conduction pathway determine the specificity and rate of ion conduction, whereas the gate functions as a switch, opening and closing the pore at the desired time. The section of the protein that detects a signal such as a change in voltage across the membrane or binding of a ligand must transmit the signal to the gate to produce a gating action. With KirBac1.1 there has to be a coupling mechanism between the blocking residues of the inner helices and the intracellular domains.
The amphipathic slide helix is well placed to play a central role in this coupling mechanism. When the C-terminal assembly receives a signal, it is likely to undergo a conformational change. Again the precise change is unknown, but a rotation centered within the C-terminal domain would be consistent with the KirBac1.1 model and the proposed MthK domain motion. Because the outer helix is directly connected to the slide helix, it must move in the same direction, thereby creating room for the inner helix to bend.
Summary. KirBac1.1 was crystallized in a closed state, whereas all other K ϩ channel structures to date have been open. KirBac1.1 prevents ion conduction by (i) occluding the ion-conduction pathway with the use of hydrophobic phenylalanine side chains, (ii) misaligning pore helices, (iii) decreasing the volume of the central cavity, and (iv) altering the conformation of the selectivity filter. The structure provides a hypothesis for gating, involving intracellular domain movement, slide helix movement, and bending of the inner helix just above the blocking residue. In our view, many K ϩ channels are likely to share a fundamentally similar mechanism of gating and coupling in which properties of the gating domains determine how and when the channel opens.
